Abstract -Ceramic coatings were produced on the surface of AZ31 B Mg alloy using a plasma electrolytic oxidation (PEO) process from an aluminate-silicate electrolyte containing SiC nanoparticles at different coating times. Scanning electron microscopy equipped with energy dispersive x-ray spectroscopy was employed to monitor morphological and chemical changes of obtained oxide coatings. It was found that in presence of SiC nanoparticles, porosity as well as mean diameter of pores decreased. Meanwhile, the mean diameter of pores increased with prolonging coating time. The wear tests were conducted using a pin-on-disk tribometer under normal load of 5 N for 1500 cm. The wear results showed that the wear rate of ceramic-SiC nanocomposite coatings was less than ceramic ones. The higher hardness of ceramic-SiC nanocomposite coatings could be the main reason of decrease in wear of these coatings in comparison with simple coatings.
Introduction
In recent decades, the demand for light metals due to increasing pollution weather and fuel cost is growing in many industry applications such as aerospace and automobile [1] . Magnesium and its alloys because of their unique properties such as low density, high specific strength and stiffness have been extensively used for such applications [2] . Nevertheless, a poor resistance can restrict their wide usage [3, 4] . Various types of protective coatings namely physical vapour deposition, chemical vapour deposition, electrodeposition and plasma electrolytic oxidation (PEO) have been suggested for improvement of magnesium and its alloys [5] [6] [7] . Among these, the PEO is a simple, environmental friendly and promising electrochemical approach that can produce ceramic coating [8] . The composition and structural of coating can be controlled by the electrolyte composition and concentration. The PEO coating on Mg alloys are applied from electrolytes containing phosphate, silicate and aluminate, and the formed coatings are generally composed of MgO-Mg3(PO4)2, MgO-Mg2SiO4 and MgO-MgAl2O4, respectively [9] . However, a surface porosity of PEO coating leads to decrease of their performance. Recently, most studies have focused on improving the corrosion behaviour of PEO coatings containing particles such as TiO2, ZrO2, CeO2, Al2O3 [10] [11] [12] .
Silicon carbide particles have been used as reinforcement phase for increment of wear and corrosion resistance of nickel matrix coating produced by electrodeposition [13, 14] . However, tribological behaviour of PEO coating reinforced with SiC nanopartciles has been rarely studied. Hence, to explore the potential benefit of SiC nanoparticles in PEO coatings on Mg alloys, this present research investigated the tribological performance of PEO coatings applied on an AZ31B Mg alloy in the electrolytes containing SiC nanoparticles with different coating time.
Experimental procedure
The substrate material used for the present investigation was AZ31 B magnesium alloy with dimensions of 2 cm × 2 cm × 1 cm. Prior to PEO treatment, the samples were mechanically ground with silicon carbide emery papers (up to 1000 grit); rinsed with water, then degreased in ethanol and finally dried with hot air. The treatment device for plasma electrolytic oxidation process consists of a high power supply unit, a stirring and cooling system, the AZ31 B Mg alloy substrate and a stainless steel cylinder container which acts as anode and cathode, respectively. The electrolytic solution was composed of an aqueous solution of NaAlO2 (2 g/L), Na2SiO3 (2 g/L) and KOH (1.5 g/L) without and with SiC nanoparticles (5 g/L). The size of SiC nanoparticles used in this study was less than 80nm, as shown in Fig. 1 . To prevent the agglomeration of Al particles, the electrolytes containing different amounts of SiC nanoparticles were premixed and stirred by a magnetic stirrer for 12 h and then by ultrasonic agitation for 30 min just prior to PEO process.The temperature of the electrolytes during the treatment was constantly maintained at 20±2 ºC by a water cooling system, and the electrolyte was stirred continuously during the treatment. The PEO coating was prepared in this solution at a current density of 11.5 A/cm 2 for different oxidation time (5 and 20 min). The processed PEO coatings without and with SiC nanoparticles for coating times of 5 and 20 min are referred to as P5, P20, SiC5 and SiC20, respectively. The surface morphology and elemental analysis of the samples were studied using a VegaTescan scanning electron microscope (SEM) equipped with energy dispersive X-ray spectrometer (EDS). The hardness of the coatings was measured using HXD-1000 microhardness tester with Vickers indenter, employing a load of 25 g for 10 s.
The wear tests were performed on a pin on-disk tribometer using the Mg disk coated PEO. The tungsten carbide (WC-6 wt.% Co) pins was used as slider. The diameter of the pins was 8 mm with 5 mm radius on their tips. The wear tests were performed under a normal load of 5 N at a constant sliding speed of 0.05 m/s for a sliding distance of 1500 cm at wear testing temperatures of 25 °C in dry conditions. Prior to each test, all contact surfaces were ultrasonically cleaned in acetone, dried and weighed to a precision of 0.1 mg. Three wear tests were carried out for each condition and the average weight loss was calculated. The coefficient of friction was calculated using the measured friction and the normal load.
Results and Discussion
Surface morphologies of the coatings produced in the electrolyte containing 0 and 5 g/L SiC under different processing times are shown in Fig.2 . The appearance of pores on the surface of the coating is characteristic of PEO coatings. A comparative evaluation of the coatings indicates that the size of pores in PEO coatings obtained from the SiC free electrolyte is larger than that obtained from the electrolyte containing suspended SiC nanoparticles. It was reported that the trapped nanoparticles inside the pores led to close of the pores outfalls, and consequently, a decrease in surface porosity and pores diameter of nanocomposite coatings. Moreover, as shown this figure, the surface pore size increased with increasing the coating time. This trend was also observed by Bayati et al. [15, 16] . They showed that when a structural defect such as pore forms by an electrical discharge, it is a more susceptible place for next electron avalanches because of its lower breakdown voltage in comparison with other areas of the surface which are not porous [17] . ICNFA 149-3
To study of coatings with more details, SEM images from cross section of coatings are presented in Fig. 3 .The mean thickness of coatings obtained from Fig. 3 is listed in table 1 . It is observed that mean thickness of coatings increased with increasing the coating time, as expected. Furthermore, the mean thickness of nanocomposite coatings is less than simple ones. It seems that incorporation of SiC nanoparticles into oxide coatings lead to an increase in coating compactness. This finding is good agreement with other results [18] . Figure 4 presents the element distribution across the thickness of SiC20 coating, and as it can be clearly observed that all elements, including Si, are uniformly distributed across the coating. ICNFA 149-4
The wear rates and hardness of the coatings under load of 5 N is shown in table 2. The wear rate of nanocomposite coatings was less than simple ones. This matter can be explained by Archard's wear equation [19] . According to the equation, the wear of material is decreased as the hardness is increased. Since the hardness of nanocomposite coatings were higher than simple ones, therefore, wear resistance of nanocomposite coatings was better than simple ones. Coefficient of friction is an important parameter during wear processes, which could be helpful in study of wear behavior of samples. Variations of coefficient of friction with sliding distance under normal load of 5 N are shown in Fig. 5 . As seen in this figure, an instability in coefficient of friction of SiC20 coating is higher than P20 one. It was probably due to the low surface porosity of SiC20 coating in comparison with P20 coating. 
Conclusion
Experiments were conducted to identify the effect of incorporation of SiC particles into oxide coating and coating time on composition, microhardness and wear resistance of coatings. It can be concluded that:
-The size of surface porosity increased with increasing the coating time. Meanwhile, surface porosity size of nanocomposite coatings was less than simple ones. -The hardness of nanocomposite coatings was higher than simple ones. -The wear resistance of nanocomposite coatings was better than simple ones.
